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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
Non-equilibrium condensation of steam occurs in many jet and turbomachinery devices, such as supersonic nozzles, ejectors and 
across the last stages of steam turbines. Wet steam models are available in many commercial CFD codes and can represent the 
metastable behaviour of the flow with reasonable accuracy. Unfortunately, the use of built-in models does not allow freedom in 
the choice of parameters and settings. In the present paper, a numerical model for the simulation of wet steam flow has been 
developed and implemented within a commercial CFD code (ANSYS Fluent) via user-defined functions. The scheme is based on 
a Mixture-model approach. The model is compared with literature data for a 2D stationary cascade of a steam turbine blade.  
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1. Introduction 
The steam turbine still plays a key role in the production of electricity in power industry. One of the main problems 
concerning the efficiency of steam turbines are the losses stemming from the non-equilibrium condensation in the last 
stages, where irreversibility due to the non-ideal phase-change become significant. Since a significant share of the 
output power is produced in the last stages, the correct modeling of wet steam flow behavior is of great importance. 
Moreover, predicting the droplet formation and growth allows understanding, and possibly mitigating, some undesired 
phenomena such as t  erosion of turbine blades du  to droplet impacts.  
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     In the past years, the steam wetness losses were modeled considering a single-phase flow corrected with 
empirical correlations; to date, thanks to the improvement of CFD techniques for compressible multiphase flows, the 
accurate modeling of condensation has become accessible. The most advanced codes in this field are based on the 
Eulerian/Lagrangian approach, where the Eulerian phase calculations are coupled with explicit droplet integration 
(some examples can be found in [1] and [2]). However, the high computational cost of these methods make their use 
prohibitive in many circumstances. Consequently, many authors have developed Eulerian/Eulerian models [3] to 
enhance computational performances. These methods imply volume averaging of liquid phase equations and lead to a 
lower accuracy with respect to the direct tracking of droplet trajectories of the Eulerian/Lagrangian approach.  
The validation of these models is generally performed by comparison with the several test-cases available on both 
supersonic condensing nozzles [4] [5] [6] and steam turbines cascades [7] [8] [9]. The results presented in this paper 
are obtained exploiting a Mixture model approach described in [10]. This kind of method is commonly embedded in 
commercial CFD solvers but the present approach has the double benefit of allowing great flexibility in the choice of 
the physical model and, at the same time, exploiting the capability of commercial software in terms of solver settings. 
The model has been implemented in the commercial CFD code ANSYS Fluent v.18.0 making extensive use of in-
house developed routines. The results from steady simulations are compared with experimental data available from a 
condensing test case on a 2D stator blade of a steam turbine [7].  
2. Numerical setup 
The present model is validated against experimental data from a condensing, 2D, stationary steam turbine cascade 
[7]. The boundary conditions for the calculation are taken from the experimental tests conducted in a wet steam wind 
tunnel facility over a set of boundary conditions (the reader is referred to [7] for a more extensive description of the 
experimental facility). The geometry was obtained by a digitalization of the blade profile since the authors do not 
provide the exact shape.  
The computational domain and mesh is depicted in Figure 1. The blade has a chord of 137.5 mm, a pitch of 87.6 
mm and a stagger angle of 45.3°. The mesh is composed of approximately 130’000 quadrilateral elements. Simulations 
are performed using the commercial CFD package ANSYS FLUENT v18.0. Figure 1 also summarizes the type of 
boundary conditions used in the simulations. 
The inlet total pressure is set to 40300 Pa with a total Temperature of 354 K while the outlet static pressure is 16300 
Pa. The simulations are performed considering a two-phase compressible fully turbulent flow. The turbulence model 
adopted is a two equations k-ε realizable model [11] (in accordance to [12]) with enhanced wall treatment and the 
wall boundaries are assumed to be adiabatic. The solver is pressure-based with pressure-velocity coupling. A 3rd order 
accurate QUICK scheme is used for the spatial discretization of all transport equations.  
3. Results 
The test case used for the validation of the model is a blade of a condensing steam turbine stationary cascade from 
reference [7]. The considered experimental case, named “L1” in ref. [7], was chosen because of the availability of 
more experimental results; moreover, the steam at the inlet is scarcely superheated, so that the effects of spontaneous 
condensation are clearly observable.  
Figure 2 shows the pressure comparison of pressure measurements with different CFD schemes. The “WS-CFD” 
(red curve) refers to the results obtained with the standard Wet Steam Model available in ANSYS Fluent v.18.0 (for 
more details see [13]) and simulated on a coarser mesh of approximately 25000 elements. Differently from developed 
mixture model, the ANSYS Fluent standard scheme is built upon a density-based solver. The “CFD-Mixture” curve 
represents the results of the presented model on the coarser mesh. Finally “CFD-Mixture-Refined” is the pressure 
profile obtained with the mesh of 130’000 elements (see Figure 1).  
Although the agreement between experiments and CFD is generally good, Figure 2 highlights the different 
sensitivity of pressure- and density-based solver to the mesh resolution. In particular, when focusing in the region of 
the “condensation-shock” (squared area on the suction side), the results for the pressure-based solver shows a 
comparable agreement with the density-based scheme only when using the refined mesh. This is probably due to the 
better capacity of the density-based solver to simulate flow conditions with steep gradients such as the presence of 
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boundary conditions used in the simulations. 
The inlet total pressure is set to 40300 Pa with a total Temperature of 354 K while the outlet static pressure is 16300 
Pa. The simulations are performed considering a two-phase compressible fully turbulent flow. The turbulence model 
adopted is a two equations k-ε realizable model [11] (in accordance to [12]) with enhanced wall treatment and the 
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3. Results 
The test case used for the validation of the model is a blade of a condensing steam turbine stationary cascade from 
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more experimental results; moreover, the steam at the inlet is scarcely superheated, so that the effects of spontaneous 
condensation are clearly observable.  
Figure 2 shows the pressure comparison of pressure measurements with different CFD schemes. The “WS-CFD” 
(red curve) refers to the results obtained with the standard Wet Steam Model available in ANSYS Fluent v.18.0 (for 
more details see [13]) and simulated on a coarser mesh of approximately 25000 elements. Differently from developed 
mixture model, the ANSYS Fluent standard scheme is built upon a density-based solver. The “CFD-Mixture” curve 
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shocks or pressure rise due to spontaneous condensation. The differences between the numerical results and the 
experimental data upstream the condensation-shock position are probably due to the choice of the turbulence model 
which was chosen because it has been extensively validated and improves upon the standard k–ε model for a wide 
variety of flows. However, because the modification to the standard k– ε model is only valid for high Reynolds 
numbers, the model cannot be expected to provide any significant improvement in near-wall regions. The differences 
between the various CFD approaches downstream the condensation-shock are direct consequences of the different 
prediction of the pressure rise connected to the condensation-shock itself. 
 In what follows, only the results of the developed model on the refined mesh will be shown (which will be labelled 
simply as “CFD”). 
Figure 3 presents a comparison of the computed results with the experimental data obtained along a transverse 
section downstream of the turbine blade. The pressure measurements in reference [7] were made at one quarter of the 
axial chord length downstream of the blade trailing edge (the same position is used to obtain the CFD results and is 
highlighted in Figure 1 by means of the dotted red line). These results show the capability of the present model to 
predict the pressure rise across the downstream pressure shockwave (as can also be seen in the pressure contour of 
Figure 5). The sudden drop of liquid mass fraction plot in Figure 3 highlights the evaporation phenomenon of the 
droplets across the shock wave.  
Figure 4 shows the density gradient contour plot (top) together with the nucleation rate map (bottom). The 
comparison of these two images allows to understand the different nature of the shocks caused by the condensation 
phenomenon and that stemming from adaptation of the supersonic stream to steep pressure gradients (the downstream 
pressure shockwave). Clearly, the condensation shock is connected with a strong rise in the nucleation rate, which is 
absent in the downstream shock.  
Figure 5 adds to this interpretation by showing the pressure (Top) and supercooling level (Bottom) contour. In 
particular, both types of shockwave imply a steep pressure rise but the sign of supercooling variation is reversed in 
the two cases. Whereas the condensation shows a decrease in the supercooling upstream of the shock (due to the high 
expansion of the flow), the supercooling levels downstream of the dynamic shock reaches its highest value, proving 
that there is a partial evaporation of droplets in this region. This is in accordance with the liquid mass fraction plot of 
Figure 3 that shows a drop of the liquid mass fraction after the shock.    
Figure 1: Computational grid with mesh details and boundary conditions 
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Figure 2: Numerical and experimental pitchwise data comparison. Pressure (LEFT) and Wetness Fraction (RIGHT) 
 
Figure 3: Numerical and experimental values of pressure on the surface of turbine blade 
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4. Conclusions 
Some preliminary CFD results obtained with a Mixture-model for simulating the non-equilibrium condensation of 
steam flows are presented and compared with experimental data on a stationary cascade of steam turbine blades 
available from literature. The model is based on in-house developed routines and implemented in the commercial 
software ANSYS Fluent v.18.0, this approach allows great flexibility in the choice of the numerical settings and future 
studies will address the analysis of different phase change and phase interaction models. The capability of the model 
to predict the main features of spontaneous condensation of steam was considered. Comparison of numerical results 
with experiments have shown a satisfactory agreement both in terms of pressure trends and of liquid mass fraction 
data. Future developments will focus on further validation of the presented approach and on its extension to the 
Eulerian-Eulerian multiphase model. 
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Figure 4: Density gradient contour (TOP) and nucleation rate contour (BOTTOM) 
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Figure 5: Pressure contour (TOP) and supercooling level contour (BOT) 
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